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I. 	Work completed to date: 
A Parker-Wolfhard type burner has been constructed (Fig. I). It consists of a 
sandwich of three parallel slots 2" x 3/4" whose longer sides are common. The 
center slot carries the fuel while the oxidizer is supplied through the outer two 
slots. The slots are closed at the top with sintered brass plates which ensures 
uniform flow. Both air flows, as well as the oxygen flow are separately controlled 
and monitored using needle valves and float type rotameters. The resultant double 
flame is wedge shaped and stabilized using a set of copper screen placed near the 
flame tip. The entire burner is surrounded by a jacket carrying a nitrogen flow 
which helps to further stabilize the flame and prevents the formation of "end 
flames" on the shorter sides of the fuel slot. The burner assembly can be translated 
in a vertical and horizontal direction such that measurements can be carried out in 
different parts of the flame. As described in the proposal this configuration makes 
it possible for the incident and transmitted beams used in the optical diagnostics to 
lie along a line of constant flame conditions. This leads to a long optical path for 
the transmitted beams resulting in accurate absorbtion measurements which 
require no corrections for beam passage through regions of varying flame 
conditions The burner performs well and has been used to produce stable flames for 
a variety of flow rates. Propane has been used as a fuel. 
The suction probe described in the proposal has been constructed. Briefly, it 
consists of 3 concentric tubes as shown in Fig. 2. The soot laden flame gases are 
aspired through the central tube and the soot particles are collected using filters 
(Fig. 3). The outer two tubes carry cooling water. A small quantity of water enters 
the innermost tube through tiny holes near the probe tip. This water accelerates 
the quenching of the combustion products and prevents clogging of the probe by 
soot deposition. The water is removed by a system of traps which precedes the 
aspiring pump. The sampling rate of the pump is measured using a test meter 
similar to the type used to monitor domestic gas supplies. This probe system is 
presently ready for testing. 
The simultaneous laser light scattering and absorbtion measurement facility (Fig. 4) 
is described in detail in the proposal and had previously been set up. During this 
reporting period the absorbed and scattered light detection systems were improved 
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using electronic filters to increase the signal to noise ratio and various actions 
were taken to reduce stray light detection. The optical table, which carries the 
scattering optics was slightly modified to accept the burner along with its 
translation mechanisms. The laser light scattering system was calibrated and tested 
using gases of known scattering cross-sections (oxygen, nitrogen and methane). The 
scattering measurements were found to be highly reproducable (better than 2%) and 
the deduced scattering cross-sections of the gases were found to be in close 
agreement with those found in the literature (better than 3%). 
Laser light scattering and absorbtion measurements have been started for propane-
air flames on the Parker-Wolfhard burner. An example of the light absorbtion 
results obtained are shown in Fig. 5. In this figure the soot fraction by volume F(V) 
is plotted against horizontal position in a single flame sheet for flames of different 
gas flow rates and at different heights in the flame. The soot fractions have been 
calculated using equation 
F(V) - 
tn (I tr /Io ) 
tirrL m(mz-1 )  I ;27-1_2- 
where x = 5145 nm (wavelength of laser);i tr  = transmitted laser intensity I 0 
 incident laser intensity and m = complex refractive index of soot. 
For the derivation of this equation see Chapter 3 of Mr. Wey's M. S. Special 
Problem Report which is attached. 
II. 	Activities Planned for the next Reporting Period: 
Simultaneous laser light scattering and absorbtion measurements will be carried out 
systematically throughout a number of different propane-air flames. This will lead 
to a determination of local soot agglomerate sizes and number densities throughout 
the flames as well as soot loading distributions by volume using the theory 
explained in some detail in the attached report. 
4 
The specially constructed suction probe will be tested and used to sample the flame 
gases throughout the propane-air diffusion flames. Soot thus collected will be 
weighed to establish soot loading distributions by mass. The samples will then be 
examined using transmission electron microscopy to establish the size distribution 
of the individual spherical soot spherules which combine in the flame to form 
agglomerates. 
The optical and probe measurements described above will be carried out in flames 
whose adiabatic flame temperature will be reduced by the addition of nitrogen to 
the fuel flow. This will permit the determination of the effect of temperature on 
the quantities and physical properties of soot produced in diffusion flames. Similar 
experiments will also be carried out using fuels with molecular structures different 
from propane such as acetylene and benzene. Finally an ionization detection probe 
such as a Langmuir probe is to be designed to determine ionization levels 
distributions in the diffusion flames investigated. To this end contact has been 
made with Dr. Calcote of AeroChem Inc., who is one of the leading proponents of 
the ionic theory of soot formation in flames. 
During the past reporting period Mr. C. Wey the graduate student supported by this 
project has successfully completed his M. Sc. A copy of his Special Problem Report 
is attached. Mr. Wey is continuing to work on this investigation as part of his Ph. D. 
program. 
Funds used during this reporting period 
Personal Services 8,303.98 
Supply (lc Services 0 
Travel 0 
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No funds for supplies and services were used during this reporting period as the materials 
used for the construction of the burner and probes were in stock prior to the 
commencement of the contract and no electron microscopy has, as yet, been carried out. 
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Gas flow rate (1/min) 	Height above 
Air Fuel burner (mm) 
A- 11.5 3.4 9 
0 11.5 3.4 12 
A 18.9 4.0 12 
Fig. 5. Soot Concentration by Volume vs. Horizontal Distance for 
a Flame Sheet for Different Heights and Gas Flow Rates. 
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I. 	Work  completed during the past reporting period. 
Simultaneous laser light scattering and absorbtion measurements have 
been carried out in a number of different propane-air diffusion flames. 
From these measurements the soot fractions by volume were calculated as 
outlined in our first progress report. The local extinction coefficient (K ext) 
and the Rayleight scattering coefficient (Q) were calculated from the 
measured values of the transmitted and scattered light intensities 
respectively using the following equations: 
I
tr 1 in — K








= incident laser intensity and L = 
length of the optical path of the laser beam in the flame 
and 
'Sc 	 710/3t 
(ICY) CLIO I 0 
where I
sc 
 = the laser intensity scattered from volume 2.3 over solid angle 
a and Ile 1 1"bpt= the efficiencies of the electronics and the optics 
respectively. The s LY and Lc). were determined by calibration using a 
gas of known Q such as nitrogen or methane. 
The Mie theory in the Rayleigh approximation expresses both K ext 
 and Q as function of the number density of soot aggregates (N) and their 


















m 2+ 2 
where X = wavelength of the laser light and m = the complex refractive 
index of soot. 
The above equations are then solved simultaneously to obtain N and 
D. For the derivation of these equations see Chapter 3 of Mr. Wey's M. S. 
Special Problem Report which has been forwarded previously. 
The following results were obtained during the past report period: 
Fig. I shows the distribution of soot fraction by volume vs the distance from 
the burner center at different heights above the burner for a given flame. 
The increase in soot levels with height above burner, especially some 
distance downstream, indicates that the soot formation rate there exceeds 
the depletion rate by burn out. Fig. 2 shows that the mean size of the soot 
aggregates increases in the downstream direction. This increase is in part 
due to agglomeration of soot particles as indicated in Fig. 3 where a 
decrease in the number of aggregates in the downstream direction is 
evident. This agglomeration process is particularly pronounced in the lower 
part of the flame. The agglomeration is accompanied by surface growth 
since the increase in soot content in the flame with distance downstream 
noted in Fig. 1 cannot be explained by agglomeration, a process which does 
not affect the total amount of soot present. 
Diffusion flames burn essentially under stoichiometric conditions in 
their flame front and, thus, their adiabatic flame temperatures are fixed for 
a given fuel and oxidizer. Their flame front temperatures can, therefore, 
only be varied by adjusting either oxidizer or fuel composition. To determine 
the effect of the flame temperature on soot formation, the percentage 
nitrogen content in the oxidizer flow was varied while keeping both fuel and 
oxidizer flow rates constant. Since the nitrogen acts as a heat sink an 
increase in nitrogen causes a decrease in flame temperature. Fig. 4 is a plot 
of soot fraction by volume vs. distance from the burner center at a fixed 
height in the flame and for different nitrogen levels. It can be seen that a 
decrease in nitrogen content and, thus, an increase in the flame temperature 
results in a marked increase in the amount of soot formed. This is in good 
agreement with previous work carried out at Princeton which demonstrated 
the increase in sooting tendency of a diffusion flame with increase in 
temperaure using overall sooting height measurements. Furthermore, Fig. 5 
shows that the mean soot agglomerate sizes increase with temperature. Soot 
was then extracted at this downstream position from the different flames 
and viewed under a transmission electron microscope. The diameter 
distribution for the spheroids which make up the agglomerates was 
determined for each flame temperature. The mean spheroid diameters were 
found to be 27, 34 & 38 nm for the temperatures plotted in Figs. 4 & 5, 
whereby the spheroid diameters increase with temperature, indicating that 
the increase of agglomerate dimension with temperature is mainly caused by 
the larger spheroids of which they are made up. 
II. 	Activities planned for the next reporting Period. 
The next 6 months will see the complete mapping of various propane-
air diffusion flames with different nitrogen contents in their oxidizer and, 
thus, different flame temperatures. Measurements will be carried out using 
simultaneous laser light scattering and extinction measurements as will soot 
collection followed by transmission electron miroscopy. This will permit the 
determination of the physical properties of both the soot spheroids and their 
agglomerates throughout the flame. Flame temperatures will be measured 
using thermocouples while other means of temperature determination, such 
as spectroscopic line reversed techniques, will be investigated. 
Furthermore, a Langmuir probe for the determination of ionization levels in 
the flame is to be constructed. As they become available, all results 
obtained will be compared with the different models for individual steps in 
the process of soot formation found in the literature. 
HI. 	Funds used during this reporting period. 
Personal Services: 10,297.70 
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Fig. 1. 	Soot concentration by volume vs. distance from burner center for 
different heights above burner. 
Fig. 2. 	Mean aggregate diameters vs. distance from burner center for 
different heights above burner. 
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Fig. 5. Mean aggregate diameters vs. distance from burner center 
for different flame temperatures. 
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I. Work completed during the past reporting period. 
During the past six months the burner was modified to include water 
cooling. This permitted extended run times without the danger of 
overheating the device. The simultaneous laser light scattering 
measurements were completed for propane oxygen diffusion flames at 
different flame temperatures. Since in diffusion flames the combustion 
occurs under essentially stoichiometric conditions the flame temperature 
had to be varied by using oxidizer flows of different nitrogen contents 
whereby the nitrogen acts as a diluent. The laser absorbtion measurements 
yielded local soot volume fractions (F v) while simultaneous absorbtion and 
scattering measurement resulted in the determination of local mean 
diameters of soot aggregates (D) and their number densities (N). The 
relationships used for determining these quantities from the optical 
measurements were detailed both in the proposal and the second progress 
report. 
Complete mappings of F v, D and N are presented here for 3 different 
flame temperatures corresponding to oxygen indices 01 = .27, .33 and .41. 
(The oxygen index is defined as the ratio of the number of moles of oxygen 
to the number of moles of nitrogen. An increase in oxygen index corresponds 
to an increase in temperature.) Fig. 1 shows a series of contour maps 
showing lines of constant local number density throughout the flames of 
different oxygen indices. Moving outwards from the center of the flame, 
which is coincident with the left vertical axis, the number density decreases 
at first and then increases again near the flame front. (The dotted lines in 
Figs. 1-3 correspond to the lines of minimum values of the quantities being 
mapped out) Fig. 2 shows contour maps for lines of constant soot 
agglomerate diameters for the three temperatures. Here the diameters 
increase and then decrease for all three temperatures as one moves from the 
burner center to the flame front. In Fig. 3 the contour maps for soot volume 
fractions are presented for the same flame temperatures. Again the soot 
volume fractions peak as one moves radially outwards from the burner 
center to the flame front. Closer inspection of the contour maps indicates 
that with an increasing temperature soot formation is observed at lower 
distances above the burner. This reflects the higher reaction rate for 
chemical processes leading for soot formation with increasing temperature 
and will be referred to again later. 
A better understanding of the evolution of the soot properties can be 
obtained by plotting them as a function of radial distance from the burner 
center for different constant heights above the burner, as seen in Figs. 4,5 
& 7. Fig. 4 shows the distribution of soot volume fraction as a function of 
radial distance for different heights, measured in mm, above the burner, for 
the three temperatures. At all temperatures the soot present in the flames 
clearly increases with height above the burner. The soot formation rate thus 
far exceeds soot removal by, for example, burn-out even for the higher 
temperatures. Furthermore, the amount of soot present at any height above 
the burner increases with increased temperature. Thus the increase of 
reaction rate with temperature in the lower region of the flame prior to soot 
formation which reduces the height of first soot appearance for increasing 
flame temperature persists into the sooting region of the flame. Also any 
reactions that may lead to soot removal seem to be less influenced by the 
increase in temperature than steps leading to soot formation. 
In Fig. 5 the soot aggregate diameters are plotted against distance 
from the burner center for different constant heights above the burner 
surface for the three different temperatures. Clearly the mean soot 
aggregate diameters always increase with increasing height in the flame. 
This could be due to an increase in agglomeration or particle surface growth 
or both. In any case the increase in soot concentration with height above 
the burner seems at least partially due to an increase in soot aggregate size 
for all flame temperatures investigated. Furthermore, the increase in 
temperature has the effect of increasing the soot agglomerates found at 
given heights above the burner. As described in the last progress report the 
soot agglomerates consist of spherical elementary particles . While 
agglomerate properties are determined using the simultaneous scattering 
and absorbtion measurements, the spheroid dimensions are obtained from 
electronmicroscopy. Soot samples were extracted from the flame at 
locations at which laser diagnostic measurements had been carried out. 
These soot samples were viewed under a transmission electron microscope 
and the mean diameters (d) of the particles which make up the agglomerates 
were measured. Some of these results are plotted in Fig. 6. Clearly there is 
an increase in fundamental particle diameter with height above burner for a 
given oxygen index or temperature. This increase is particularly pronounced 
in the lower parts of the flame where agglomeration is not yet too 
extensive. A similar increase in spheroid diameter can be obtained by 
raising the flame temperature as effected by increasing the oxygen index. 
The increase in soot agglomerate diameters both with height above the 
burner and with temperature can, therefore, at least partially be explained 
by an increase in the diameter of the fundamental soot spheroids which 
make up the agglomerates. This is especially true in the lower part of the 
flame. 
In Fig. 7 the agglomerate number densities are plotted against 
distance from the burner center for various heights above the burner at the 
three temperatures. It should be noted that the values of N are less accurate 
than those of the aggregate diameters and the soot volume fractigns. This is 
due to the fact that the scattered intensitx is proportioned to ND while the 
amount of light absorbed varies as ND'. Small errors in D, therefore, 
translate into large uncertainties in N. This is particularly problematic near 
the center of the flame up to approximately 1.4 mm from the burner center 
where the possible existance of small flamelets and the presence of large 
molecules or soot precursors may drive up the recorded values of N. A 
careful inspection of the three plots in Figure 7 shows that there is a trend 
of decrease in N with increasing height above the burner which is consistant 
with an aggregation process of soot in the flame. This aggregation seems 
particularly pronounced in the lower part of the flame. This is the trend for 
all three flame temperatures reported here jas for the effect of temperature 
on the aggregate number density it seems to be far less pronounced than the 
influence of temperature on either the soot volume fraction or the mean 
aggregate diameters. 
In summary, it has, thus, been observed that soot increases with both 
height above burner and with temperature. The number of soot agglomerates 
only changes significantly in the early part of the flame, where it is reduced 
due to agglomeration. In this region the agglomerate diameters are further 
increased by a rapid increase in the size of the spherical soot particles which 
make up the agglomerates. The increase in the amount of soot produced may 
thus be due to both new particle inception and surface growth. Higher up in 
the flame the basic spheroid diameters grow at a reduced rate while 
agglomerate number densities are essentially constant. Agglomeration is, 
thus, relatively small in that region unless it is compensated by new particle 
inception. It is felt that this is not very likely since lots of new particles 
would reduce the mean agglomerate diameters, which has not been observed. 
The effect of an increase in flame temperature is most clearly seen in large 
spheriod diameters, which leads to larger agglomerate diameter and soot 
volume fractions. There may also be some increase in agglomeration but the 
total number of agglomerates seems relatively insensitive to flame 
temperature. 
In order to try to quantize the effects of both the height above the 
burner and the flame temperature, selected soot properties were plotted 
against height above the burner for the three temperatures. Since the 
reactions leading to soot formation may be expected to be accelerated by an 
increase in temperature, we have attempted to account for this. If the 
reactions responsible for continued soot formation in the flame are affected 
by temperature in a similar fashion as the reactions leading to the initial 
soot formation all heights above the burner at the different temperatures 
must be normalized by the distance above the burner where soot is first 
observed for that temperature. (i.e., measured height above burner divided 
by first sooting height for that temperature). The soot properties selected 
for these plots are the total soot volume fraction at different heights above 
the burner ( = areas under the curves) and corresponding maximum aggregate 
diameters. These quantities were plotted against height above burner and 
normalized height above burner for all three temperatures. 
Fig. 8 shows the total soot volume faction across the flames as a 
function of height above burner (HAB) and normalized HAB for all 
threetemperatures. The total soot increases for all three flames in the 
downstream direction. However, when plotted against normalized HAB the 
values for total soot at all temperatures fall much closer to a common line. 
When the lowest point for the middle temperature is neglected (it lies in a 
region where small particles are agglomerating; these may be susceptible to 
increased burn out at the high temperature) the slopes, or rates of soot 
formation with time, are almost equal for all three temperatures. When 
maximum soot agglomerate diameters are plotted against HAB and 
normalized HAB the rate of diameter increase with HAB can be seen to be 
essentially the same for all three temperatures which is not the case for the 
normalized HAB. (The differences in the absolute values of the agglomerate 
diameters for different temperatures is at least partially due to the increase 
in spheroid sizes with temperature.) There is, thus, a difference in the 
behaviour between the soot formation and agglomerate growth processess. 
Since HAB is essentially a time scale, soot generation is proportional to time 
normalized by the reaction rate in the presooting region while particle 
growth rate is just a function of time. In all the above,boyancy effects due 
to the different flame temperatures and the influence of the different 
densities of fuel and oxidizer have been neglected. These effects are 
currently being investigated by introducing the temperature and density 
differences into a Burke-Schuman type model of the diffusion flame. This 
may reduce some of the scatter in the data although the correlation co-
efficients between the measured data and the least squares straight lines in 
Figs. 8 and 9 are better than .95, in some cases better than .99. Various 
models are also being considered to attempt to predict the soot 
agglomeration rates and these will be compared with measured data. 
Adiabatic flame temperatures have been determined using a simplified 
model neglecting dissociation and equilibrium shift due to temperature. 
These results which are expected to be high are summarized as follows: 
()I predicted max. temperature 
.27 2394 °K 
.33 2670 °K 
.41 2930 °K 
These predictions are currently being improved by incorporating a NASA 
code into our model which allows the effect of dissociation and chemical 
equilibrium to be fully accounted for. The predicted temperatures will then 
be compared with those currently being measured in the flame using an 
improved thermocouple technique and sodium line reversal. 
II. Activities planned for the next reporting period. 
In the next reporting period we are proposing to complete the 
determination of the effect of density and temperature variations on the 
data obtained during the past six months. Furthermore, the diameters 
measured in the flames will be compared with those predicted from 
different agglomeration models and improved temperature predictions will 
be carried out by making use of the above mentioned NASA code. In a more 
general vain, we shall further compare our findings with soot formation 
models found in the literature. This coincides well with an invitation to 
write a review paper on soot formation which has been extended by the 
editor of "Progress in Energy and Combustion Science" to the principal 
investigator of this study. 
On the experimental side we shall complete our mapping of 
temperatures in the flames investigated. Traces of oxygen will be premixed 
into the fuel side of the diffusion flame and soot properties measured in 
order to note its effect on the chemical reaction rates which have been 
shown to strongly influence the soot volume fractions generated. Lastly 
preparations will be made to introduce aromatic fuels into the fuel flow. 
Since even simple aromatic fuels such as toluene are liquid at room 
temperature air atomizing and evaporizing systems will be designed and 
incorporated in the fuel line. The effect of aromatic molecules on the 
process of soot formation will then be studied. 
III.Funds used during this reporting period: 
Personal Services 	 16,959.00 
Supply & Services 1,352.93 
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I. Work completed during the past reporting period. 
Part of the work carried out during the past six months has been 
described in the progress-section of the renewal proposal which was 
submitted to EPA at the end of May 1983. Much of the remainder of the 
activities of the present budget period are included in a manuscript which 
has recently been submitted for publication to Combustion Science and 
Technology, a copy of which is attached. The most important results 
obtained during the past six months are summarized here to differentiate 
them from work carried out earlier under this contract. 
Adiabatic flame temperatures for the three flames investigated in 
detail have been theoretically uetermined using NASA code SP-273. This 
model takes into account the equilibrium concentration of species in the 
flame. The results are tabulated below and compared with the simple 
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Fig. 1 shows the temperature distribution for the propane-pure air 
diffusion flames (i.e., T 1 ) as determined using a Pt - Pt 13% Rhodium 
thermocouples. The flame front, which lies in the region of maximum 
temperature, exhibits a temperature which is quite constant with height 
above the burner. As one moves horizontally away from the flame front, the 
temperature drops both in the direction towards the fuel and towards the 
oxidizer. Nearer the center of the flame the temperature increases 
somewhat with height. 1-leat losses by radiative heat transfer from the soot 
particles are, thus, more than compensated by heat addition through 
convection from the flame front to the center of the pyrolysis zone for this 
part of the flame. 
Comparison of Fig. I with the graphs of soot distribution in flame T 1 
 in the last six-monthly report shows that all soot appears to be present 
inside the fuel rich side of the flame front. 
The temperatures in the flame fronts for the flames with higher 
oxygen to nitrogen ratios (i.e., "T 2" and "T 3") were found to be above the 
melting point of platinum, causing the thermocouples to break. In order to 
obtain an indication of the relative temperature changes between the three 
flames, a shielded Pt-Pt 13% Rh thermocouple was used at selected 
positions in all three flames. This probe resulted in lower readings because 
of the heat loss due to the shield and no melting occurred. It was noted that 
the ratios between measured "shielded" temperatures in the flame front and 
calculated adiabatic flame temperatures were the same for all three flames 
within 1%. Flame temperatures for flames "T 2" and "T 3" were, therefore, 
extraplated by multiplying the ratio between the unshielded measured 
temperature of flame "T i" and its calculated adiabatic flame temperature 
by the calculated adiabatic flame temperatures for flames "T 2" and "T 3". 
Values for the flame front temperatures of 1973 °K for flame "T i ", 2063°K 
for flame "T 2" and 2195°K for flame "T 3" were, thus, obtained. The shapes 
of the isotherm lines for the three flames are assumed to be similar. 
order to quantify the effect of the flame temperature on the global 
reaction rate of the soot formation reaction, the total soot volume fractions 
at different neights above the burner (i.e., area under soot volume fraction 
plots) and the corresponding maximum aggregate diameters were plotted 
versus height above burner and normalized heights above burner in the last 
six-monthly report. For a more meaningful presentation, however, the height 
above burner needs to be converted into residence time. Residence time is 
defined as the time required for a pocket of gas to travel from the burner to 
a given height. Since no velocity measurements were carried out in this 
flame, the residence time in the flame had to be related to the height above 
the burner using theoretical considerations. Kent and Wagner (1982), who 
carried out velocity measurements in a similar diffusion flame, have 
established that buoyancy forces cause considerable acceleration of the 
vertical velocities in this type of flame. The relationship between the time 
required to reach a given vertical position and its height above the burner is, 
therefore, not linear. 
A simple, one-dimensional model of two parallel streams of gases of 
differing densities based on the work by Powell and Browne (1956) was, 
therefore, developed, which takes into account both the difference in 
density of fuel and oxidizer and the difference in temperature of the 
combustion products and the surrounding oxidizer flow. 
The fuel at temperature T f and oxidizer at temperature T o are 
assumed to leave the burner in parallel streams with velocity u i at height y 
0. The cross-sectional area of the oxidizer and fuel streams at y = 0 are A o 
 and A
f. 
respectively (Fig. 2). The streams are bounded on the outside by
parallel walls, but the position of the interface between the two streams 
(which corresponds to the reaction zone) is free to vary with height such 





= A = constant. Frictional effects at the walls and the interface are 
neglected, and at each height the pressures in the two streams are equal. It 
is also assumed that T
o and T f do not vary with height. 
Applying Bernoulli's equation to each stream separately between 
stations o and y and using p f = 1)0 yields: 
(110/y 2 	(Of/00)(11filli)2 = [ 	 ■ 1 	[(p f/p0 ) 
(u. /2g) 





(1+T)(u f /u)-r 
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• The density ratio pf /P o is given by 
o f /D o = (in f irno ) (Toird 	 (3) 
where m f and mo are the molecular weights of the fuel and oxidizer and the 
temperatures are absolute. 
Equations (1) and (2) must be solved simultaneously in order to obtain 
the fuel and oxidizer velocities, o f and uo, as functions of height above the 
burner, y. The parameters that must be specified are the fuel/oxidizer area 
ratio r, the initial velocity u i , and the fuel and oxidizer temperatures T f and 
To . These latter values must be obtained from temperature measurements in 
the flame, and are needed to obtain the density ratio o f/P o . In solving these 
equations, it is convenient to use the dimensionless variables U f = of/u i , U0 
 =/u0
/u
i and Y y/(u.
2
20. A computer code was developed to solve 
equations (1) and (2) numerically by an iterative technique. 
In order to evaluate the model, velocities were calculated for the 
ethylene/air flames investigated by Kent, et al(1981). For their burner r = 
0.05 and ui = 7 cm/sec. The temperatures T o and T f were estimated from 
the measured temperature profiles they presented for various heights (Fig. 
3). Thus T
f was taken to be 1300 °
K. The oxidizer temperature was more 
difficult to estimate so two cases were considered: (1) T
o = 300°
K (room 
temperature) and (2) T o = 800°K (mean between room temperature and T f ). 
The model predicts excessive vertical fuel velocities for T o = 300°K (Pf/P 
= 0.615). A curve fit was also obtained by matching the experimental data at 
90 mio by choosing of/c 0  = 0.368. This gives excellent agreement with the 
experimental data down to 30 mm (Fig. 3). The small deviations of the 
experimental data from the theoretical curve for heights below 30 mm are 
most likely caused by vertical temperature gradients in the flame. This 
model was used to calculate the vertical velocity distribution in the flame 
which, in turn, was used to convert "heights above the burner" to time 
elapsed from the instant a pocket of gas leaves the burner mouth. These 
calculations showed that while the gas velocity in the flame is strongly 
affected by buoyancy (6 cm/sec at the burner mouth to 85 cm/sec at 5 cm 
above the burner for flame "T
I
") the difference in residence time to reach a 
given height for the three flames is small (e.g., 83.6 msec in flame "a", 78.5 
msec in flame "T
2
" and 74.8 msec in flame "T
3" to reach a height of 30 mm 
above the burner). The increase of soot content and soot aggregate diameter 
with increasing temperature is, thus, valid even when considering the data as 
a function of "time elapsed" rather than "height above burner". 
Figure 4a shows the variation of total soot volume fraction at given 
heights with residence time in the flame for all three flame temperatures. 
The increase in soot mass loading with temperature is clearly seen, while 
there is a pronounced increase in soot formation rate (slope) in going from 
flame "T
1




If the increase in reaction rate in the 
pre-sooting zone leading to earlier soot formation in the flames of higher 
temperature is similar to the reaction rate increase leading to heavier soot 
loading, the residence times for every height above the burner in each flame 
may be normalized by dividing it by its residence time to first sooting. 
When total soot volume fractions are plotted against these normalized 
residence times, the points do, indeed, fall close to a single line as shown in 
Figure 4b. 
A plot of maximum agglomerate diameters versus residence time 
(Figure 4c) shows that the rate of agglomerate growth (slope) is almost 
independent of temperature. The increase of absolute aggregate diameters 
with temperatures is due partially to increased spherule diameters and 
partially, to increased agglomeration. When plotting these maximum 
diameters against normalized residence time the points move closer to a 
common line but the correlation is not as good as that for the case of total 
volume fraction (Figure 4d). 
The effect of the adiabatic flame temperature or the process of soot 
formation as observed in our measurements was discussed in the last six-
monthly report and in the progress section of the continuation proposal and 
summarized in the publication which is attached. Only t ie most central 
features are, therefore, summarized below. 
The general features of soot distribution are similar for the three 
flames at different temperatures which were investigated. In the region of 
high temperature nearest the flame front on the fuel side where nucleation 
is postulated to occur, the aggregate number density is highest while their 
diameter and soot volume fractions are low. The soot particles then move 
towards the center of the flame by convection and thermophoresis. The 
mean aggregate diameters increase due to agglomeration which, in turn, 
reduces the number densities. At the same time, the soot content increases 
due to surface growth and, possibly, some new soot inception For all flame 
temperatures considered the soot loadings and aggregate diameters increase 
with height indicating that the rate of soot formation exceeds that of soot 
depletion. 
As the flame temperature is increased soot is beginning to be formed 
earlier in the flame due to an increase in the rate of pyrolysis reactions in 
the pre-sooting region. This increased pyrolysis also leads to an increase in 
soot loading at given heights above the burner with increasing adiabatic 
flame temperature. This more extensive sooting at higher temperature was 
found to be due to larger soot agglomerates which, in turn, are formed 
partially by an increase in the size of the spherules and partially by an 
increase in the degree of agglomeration. The agglomerate number densities 
are largely insensitive to the change in the flame temperature. When 
plotting the total soot volume fractiors at different heights above the 
burner against normalized residence time, the values for the flames at all 
three temperatures were found to lie along one single straight line. The 
rates of growth of the maximum soot agglomerate diameters, as determined 
from the slopes of the curves of these diameters plotted against non-
normalized residence time, appear independent of temperature. 
In a recently published report by Glassman (1979) it was pointed out 
that the sooting tendency of a diffusion flame can be increased by 
introducing traces of oxidizer into the fuel streams. This can be explained in 
terms of the homogeneous catalytic effect of small amounts of oxidizer on 
pyrolysis reactions leading to an increase in large hydrocarbons available for 
soot formation. The above quoted report is based on overall sooting tendency 
measurements and has caused us to investigate the effect of the oxidizer 
traces on the individual steps of the soot formation process. 
For this purpose 5% oxygen has been added to the fuel side of the 
diffusion flame with pure air as oxidizer. Optical determinations of soot 
volume fraction and the soot agglomerate properties have been carried out 
for the flames both with and without oxygen trace for fuel and air for cold 
burner exit velocities of 2 cm/sec. This reduced velocity results in a shorter 
flame which permits the measurements to be extended all the way to the 
flame tip. Incidentally, a comparison between flames of pure fuel and pure 
oxidizer at different cold gas velocities will permit the effect of reactant 
flow rates on soot formation to be determined. 
Figs. 5, 6 and 7 show the variation of soot volume fraction aggregate 
diameters and number densities respectively vs distance from the burner 
center for different heights above the burner. Each of these figures shows 
plots for the flames with and without oxygen trace for easy comparison. 
The trends observed for the propane-air diffusion flame with 6 cm/sec 
reactant velocity (i.e., T 1 ) are still found in this smaller flame. Nearer the 
flame tip (above 30 mm for this flame), however, the increase in soot 
loading begin to diminish as does the increase in soot diameter. The soot 
aggregate number densities are still highest in the vicinity of the flame 
front and decrease towards the burner center. Some decrease in number 
density is observed in this flame with increasing height above the burner due 
to agglomeration, especially in the lower region of the flame. Nearer the 
flame tip the soot particle number density remains essentially constant. 
The addition of 5% oxygen to the fuel side of this flame seems to 
have only produced minor effects. Essentially the flame has become 
narrower by the addition of oxygen to the fuel and has somewhat decreased 
in height. This is indicated by the absence of a minimum in the soot volume 
faction at the heighest measurement level (40 mm above the burner) for the 
flame with oxygen. This suggests that at 40 mm downstream the 
oxygeneated flame is closer to its tip than the flame with pure fuel. 
Furthermore, the diameters near the tip begin to diminish, this effect, 
again, being more pronounced in the flame with oxygen in the fuel. 
Similarly, the effect of the oxygen on the aggregate number density is small 
except that at 20 mm the extensive aggregation continues in the pure fuel 
flame while the number density has already reached close to its final value 
for the oxygenated flame. 
In general it would appear that the addition of oxygen causes an 
increase in soot loading, aggregate diameter and agglomeration in the early 
part of the flame but also tends to reduce the flame height. This is 
consistent with a "speeding up" of the combustion process by the presence of 
oxygen traces in the fuel. 
Finally the equipment necessary for carrying out temperature 
measurements in the flames whose adiabatic flame temperature is too high 
for the use of thermocouples has been assembled and tested. The sodium line 
reversal technique will be used as will optical pyrometry. 
II. Activities planned for the next reporting period: 
During the next reporting period we are proposing to complete the 
determination of the effect of oxygen in the fuel stream on the soot 
formation process in diffusion flames. The effect of different amounts of 
trace oxygen will be investigated. Furthermore the effect of adding toluene 
or butadiene to the fuel will be investigated, in order to shed some light on 
the effect of polycyclic aromatic hydrocarbon and conjugated molecules on 
the process of soot formation. Optical and sampling techniques will, again, 
be applied in order to fully characterize the soot properties. Temperature 
distributions will be measured for all the above described flames using 
thermocouples and optical techniques. The bouyancy model will then be 
applied to all flames to convert height above the burner to residence time. 
Selected flames will be investigated using thermocouples, sodium line 
reversal and optical pyrometry and the results compared. 
On the theoretical side, the buoyancy model will be improved to 
better take account of temperature gradients observed both in the 
downstream direction and across the flame. The first approach will be to 
develop a one-dimensional two-stream model which allows the temperature 
(and density) to vary with height above the burner, but requires constant 
properties over the cross-sectional area of each stream. The temperature 
variation with height will be obtained from measurements in the flame, so 
that the energy equation will not need to be. Applying conservation of mass 
and momentum to the two streams with P
o P f 
is expected to yield 





as a function of height. The second approach will be a 
three stream method in which the middle stream will correspond to reaction 
products and will have a temperature T which is obtained from 
measurements in the reaction zone. In this case a coupled set of differential 
equations will be obtained which must be solved numerically for u o ,u p and u f 
 as a function of height. In both of these models the effects of friction will 
he neglected. It is anticipated, that this will permit a more accurate 
determination of the history of soot development with time as the particles 
move through the flame. 
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ABSTRACT 
The effect of temperature on soot formation in a laminar propane diffusion flame 
was investigated. The temperature of the flame on a Parker Wolfhard burner was v4 -ied 
by adjusting the inert nitrogen content in the oxidizer flow. Soot aggregate properties, 
such as aggregate diameters and their number densities as well as soot volume fraction 
were determined using simultaneous laser light scattering and extinction methods, while 
spherule diameters were obtained using sample extraction and transmission electron 
microscopy. Soot volume fractions and aggregate diameters were seen to increase with 
height above the burner, while the opposite trend was noted for aggregate number 
densities for the three flame temperatures investigated. Spherule diameters were seen to 
increase with height particularly in the early part of the flame. An increase in 
temperature resulted in a considerable increase in local soot volume fractions and 
aggregate diameters. Spherule size and degree of agglomeration also varied somewhat 
with temperature. Heights above the burner were converted to residence times in the 
flame allowing for buoyancy. The mean rate of growth of soot aggregates was found co he 
essentially independent of flame temperature, although the absolute soot particle 
diameters were larger in the hotter flames. When the residence times were normalized 
with respect to residence time to first appearance of soot in each flame, the amount of 
soot generated for given normalized times was the same for all flame temperatures 
investigated. 
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I. 	INTRODUCTION  
The formation of soot during the combustion of hydrocarbons has become a matter 
of increasing concern over the last decade. Smoke has been recognized as the major cause 
of fatalities in building fires [see Neville (1972)] and as a source of atmospheric pollution 
generated by many practical combustion devices. Furthermore, the increased wall heating 
due to radiative heat transfer from the solid soot particles results in materials design 
problems in many combustors. With this in mind a great number of studies have been 
undertaken to further the understanding of the mechanisms responsible for the formation 
of soot under a variety of different combustion conditions. A number of excellent review 
papers have recently been published covering many aspects of the soot formation problem 
including Wagner (1981), Haynes and Wagner (1981), Lahaye and Prado (1978), Palmer and 
Cullis (1965), Homan (1967) Howard and Kausch (1980) and Calcote (1981). Since all 
building fires and many controlled combustion processes occur, at least partially, in the 
form of diffusion flames, it was decided to further study the effect of various parameters 
on the formation of soot in laminar diffusion flames. 
Glassman (1979), in a review of phenomenological models of soot formation, 
addressed the differences in the dependence of sooting behavior on temperature between 
premixed and diffusion flames. He reported that while for premixed flames an increase in 
flame temperature will result in a decrease in sooting tendency, a similar rise in 
temperature in diffusion flames will tend to increase the likelihood of soot being formed. 
These results were obtained using the concept of sooting height r see also Glassman and 
Yaccarino (1981)]. Similar observations in laminar diffusion flames were made by Dearden 
and Long (1968) who report an increased amount of soot collected with increasini, flame 
temperature. This also sheds new light on results reported by Powell et al. (1979) on the 
effect of temperature on the sooting history of flames on wood and PVC. Here, post fla,ne 
soot loadings and particle diameters were seen to increase with temperature when 
determined optically in the flue above their test chamber. 
2 
Glassman (1979) explained the differences in sooting trends with temperature in 
premixed and diffusion flames in terms of competing pyrolysis and oxidation reactions in 
the pre-sooting zones. In premixed flames, the rate of oxidation of soot precursors is 
accelerated more strongly by an increase in temperature tan their formation via the 
pyrolysis reaction, leading to a reduction in soot. In diffusion flames, on the other hand, no 
oxidation takes place during preheating leaving only the pyrolysis reactions, which leads to 
an increase in sooting with temperature. Indeed, traces of oxygen which may diffuse into 
the pyrolysis zone of a diffusion flame tend to act as a homogeneous catalyst during 
pyrolysis and increase the sooting rate as was shown by Glassman and Yaccarino (1980) 
and Schug et al. (1980). 
All the above observations were made in terms of global measurements such as 
sooting heights, amount of soot collected, etc. It would be interesting to extend these 
measurements to determine the effect of temperature on the properties of the soot 
particles as they are formed inside both premixed and diffusion flames. Soot consists of 
essentially spherical particles, or spherules, which agglomerate to form the soot 
agglomerates commonly observed in most flames. The local soot parameters in the flame, 
which would be of interest, are soot loadings, agglomerate number densities, agglomerate 
diameters, spherule diameters and, thus, degrees of agglomeration. 
Prado et al. (1981) have investigated the effect of temperature on the process of 
soot formation in a propane-air premixed flame [ see also Prado and Lahaye (1981)]. They 
found that for a given fuel air ratio the local soot volume fraction decreases throughout 
the flame with increasing temperature. At the same time the soot agglomerate diameter 
decreases with increasing temperature as do the spherule diameters. This is in accordance 
with the reduction of the sooting tendency of premixed flames with increasing 
temperature reported by Glassman (1979). 
On the other end of the spectrum, earlier work by Lahaye and Prado (1978) and 
Prado and Lahaye (1981) on the oxygen-free pyrolysis of methane and benzene indicates 
3 
that in such a system the amount of soot formed increases with temperature. Spherule 
diameters decreased slightly with increasing temperature, and agglomerate dimensions 
were not measured. An increase with temperature in the sooting tendency of benzene 
during pyrolysis was also observed by Vaughn et al. (1981) during shock tube studies up to a 
temperature of about 2000 °K. 
A diffusion flame may be considered to consist of an essentially oxygen-free 
pyrolysis region surrounded by a flame front. It is the purpose of this study to determine 
the local soot concentrations and soot particle properties within such a flame. 
II. 	EXPERIMENTAL APPARATUS AND PROCEDURE 
Burner 
A Parker Wolfhard burner which supports two vertical flat flame sheets was chosen 
for this study in order to avoid the need for a deconvolution of the absorption signal 
necessary in flames of cylindrical geometry see pagoda et al. (1980) and Santoro et al 
(1983) . The burner, which is similar to the one used by Kent et al. (1981) and Haynes and 
Wagner (1980), consists of three parallel slots 51 mm in length. The outer slots, which 
carry the oxidizer, have a width of 16 mm each, while the inner fuel slot is 5 mm wide. 
For equal fuel and oxidizer burner exit velocities this results in a stable, somewhat under-
ventilated flame. The burner is surrounded by a nitrogen carrying jacket to exclude drafts 
and to prevent end-flamelets from forming across the width of the fuel slot. Further 
flame stabilization is assured by the use of screens near the tip of the flame. In order to 
permit steady operation over extended periods of time i the burner housing is water cooled. 
The burner can be displaced in the vertical and horizontal directions to enable 




A simultaneous laser light scattering and absorption system similar to the one 
pioneered by D'Alessio et al. (1975) and described in detail by Jagoda et al. (1980) has been 
set up. The beam from a 4 watt argon ion laser operating at 514.5 nm is focused into the 
test section in the flame using a 50 cm focal length lens and passes along the flat flame 
sheet onto a photomultiplier which measures the intensity of the transmitted light. A 
second photomultiplier is used to monitor the intensity of the beam scattered at 90 0 to 
the incident beam. A system of lenses and apertures limits the solid angle over which 
scattered light is collected and eliminates radiation from any part of the laser beam other 
than the 60 x 60 x 100 micron test volume under consideration. Direct radiation from the 
flame to the photomultiplier is reduced using a monochromator and a narrow band width 
interference filter. The remaining stray light is eliminated by placing a chopper in the 
incident beam and passing the output from the photomultiplier through a phase sensitive 
detector which amplifies only the signal in constant phase with the chopper, i. e., 
radiation originating from the laser beam. The absorption and scattering signals are 
observed on an oscilloscope and registered on a chart recorder. 
The Mie theory in the Rayleigh approximation as detailed by Kerker (1969) is used 
to obtain the local soot volume fractions and the mean diameters and number densities of 
the soot agglomerates from the absorption and scattering measurements. From the 
treatment in Kerker (1969),









m -1  2 
where a= rrIVX. and X= 1 m2 + 2 1 
where N is the number density of scatterers, C sca their total Rayleigh cross-section (over 
4 steradians), A. the wavelength of the laser line used, D the mean diameter and m the 
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complex refractive index of soot as measured by Dalzell and Sarofirn (1969). * 


















Here C ext is the extinction cross-section of the soot aggregates. Solving equations (1) and 
(2) simultaneously and from the definition of the soot volume fraction F v one obtains the 
following expressions for the soot agglomerate diameters, their number densities and the 
soot volume fraction: 
1/3 
D =(r. /Tr) E(3/2)(Y/X)( vv /Kext )1 
N = (2/3) 
	









The above treatment assumes a monodisperse distribution of spherical soot particles. 
When comparing the results presented in the next section with those obtained by Santoro 
et al. (1983), who assumed self-preserving or log normal distributions, the D above 
corresponds to their D 6,3 while the above N must be multiplied by 2. Since in Santoro's 




The above expression differs by a factor of 8 -rr/3 from the expression used by other 
workers, e.g., Haynes (!I[ Wagner (1980). This discrepancy is due to the fact that 
while some workers use the differential Rayleigh cross-section, C sca in the above 
expression is integrated over the entire sphere. Care must be taken to use a 
scattering cross-section for the calibration gas compatible with its definition for 
particulate scatterers [ see equation (8)]. 
*) 
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soot volume fraction is unchanged. 
The quantities D, N and F y in equations (3), (4) and (5) are related to the measured 
quantities I , the incident laser intensity, I tr , the transmitted iotensity ; and I sca , the 






where L is the optical path length of the laser beam in the absorbing medium, and 






are the optical and electronic efficiencies, ZS, n. the solid angle over 
which the scattered light is collected and QV the size of the test volume. It is interesting 
to note that the determination of K
ext 
is less precise than that of Q
vv 
 since the 
absorption measurements integrate over the entire length of the flame and are, therefore, 
dependent on its two-dimensionality. Small deviations from perfect flame flatness and the 
possible existance of small end-flames reduce the accuracy in the determination of K ext . 
Inspection of equations (3) and (4) , therefore, indicates that the values of N, which are 
proportional to the square of K
ext 
may be expected to be less accurate than those of D 
which only varies as the inverse of the cube root of K ext . 
Rather than determine the T,'s, a.n. and dV , the scattering system was calibrated 
using gases whose scattering cross sections were calculated, namely methane and 
nitrogen. As a matter of fact, this calibration was carried out daily to check the optical 
alignment. 
e following expressions taken from Penney (1969) and Mthler-Dethlefs (1979) 
were used to determine the scattering cross section of the calibration gases: 
C
sca






, the depolarization ratio was assumed to be < < 1 and 	the differential 
scattering cross section is given by 










with p.o being the refractive index of the gas at the wavelength of the incident light X 
and N
o Avogadro's number per unit volume at the temperature at which the calibration is 
carried out. The calculated scattering cross sections of the calibration gases compared 
very well with those quoted by D'Alessio et al (1975) and Rudder and Bach (1968) for the 
respective wavelengths. (Please note these authors quote c o , not Csca .) 
The Mie theory of scattering in the Rayleigh approximation assumes spherical 
scatterers whose D < < . This latter criterion is not strictly observed, but it can be 
shown that for particles of 100 nm diameter the error introduced is only of the order of 
10%. Furthermore, the soot aggregates are not spherical and only "equivalent diameters" 
could, therefore, be established. 
Both scattering and extinction measurements had to be averaged over excursions of 
the order of 5% in most parts of the flame. In areas of steep soot concentration gradients, 
these fluctuations due to small movements of the flame were somewhat bigger, but the 
results were, nevertheless, reproducible. 
The optical measurements described above are a function of the properties of the 
agglomerates. The spherules which make up the agglomerates cannot be detected in this 
way. Soot was, therefore, extracted from various locations in the flame to determine the 
spherule diameter distributions using transmission electron microscopy. Local degrees of 
agglomeration could, thus, be obtained. When viewing the electron micrographs, extensive 
agglomeration can be observed. This, however, is due mostly to agglomeration during 
sample collection and treatment, and is not representative of the degree of agglomeration 
in the flame. It is, therefore, important to realize that the scattering and microscopy 
techniques are truly complimentary. 
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The temperature distribution in the flame was measured using uncoated Pt, Pt - 
13% Rh thermocouples with a 125 micron diameter junction. Conductive losses were 
minimized by introducing the leads parallel to the flame sheet. Since relative 
temperatures rather than their absolute values are of interest here, the thermocouple 
results were not corrected for radiative losses. 
Flame Temperature Variation in a Diffusion Flame  
In this study the effect of temperature on the sooting process in a propane-air 
diffusion flame has been investigated. In the flame front of a diffusion flame the 
combustion proceeds, essentially, under stoichiometric conditions. For given fuel and 
oxidant compositions the adiabatic flame temperature is, therefore, essentially fixed. In 
order to be able to introduce a variation in adiabatic flame temperature for the diffusion 
flames, the inert nitrogen content of the oxidizer, which acts as a diluent, was varied. A 
decrease in nitrogen content, thus, corresponds to an increase in flame temperature, and 
vice versa. Results for flames of oxygen to nitrogen ratios, by mole, in the oxidizer flow 
of .27, .33 and .41 will be reported here. These flames will be referred to as "a", "b" and 
"c". Adiabatic flame temperatures,T ad, were calculated for these three cases taking into 
account the equilibrium concentration within the flame as computed using the NASA code 
developed by Gordon and McBride (1971). 
III. 	RESULTS AND DISCUSSION  
Soot volume fractions, soot aggregate diameters and their number densities for 
flames of three adiabatic flame temperatures are reported here. They correspond to 
oxygen to nitrogen ratios of .27, .33 and .41 with calculated adiabatic flame temperatures 
of 2279 ° K, 2417° K and 2540° K.The fuel was pure propane, and the cold gas velocity of 
fuel and oxidizer was maintained at 6 cm/sec for all cases. 
Propane-Air Flame  
Flame "a" corresponds to a propane-air diffusion flame. Its soot volume fractions, 
mean agglomerate diameters and number densities are plotted versus distance from the 
burner center for different heights above the burner in Figures la, 2a and 3a respectively. 
Figure 4 shows the temperature distribution in the vertical plane normal to the burner 
slots for this flame. It is observed that the flame front temperature remains constant 
with height in the part of the flame investigated. As one moves horizontally away from 
the flame front the temperature drops both in the direction towards the fuel and the 
oxidizer. In the pyrolysis zone, near the center, the temperature increases somewhat with 
height. 
Comparison of Figures la and 4 shows that the entire sooting region lies well within 
the fuel side of the flame. The soot loading increases with height above the burner 
indicating that in this part of the flame the soot formation rate far exceeds any possible 
soot depletion rate due to particle burn out. Figure 2a indicates that the regions of 
maximum soot loading also correspond to those in which soot agglomerates of largest 
diameters are found. Furthermore, the agglomerate diameters increase with height above 
the burner. 
The aggregate number density distributions shown in Figure 3a, on the other hand, 
show a different trend. The maximum number of particles exists closest to the flame 
front with their number density decreasing towards the region of maximum diameter and 
soot concentration. As mentioned in the previous section, the values of number densities 
are less reliable than those obtained for mean diameters and soot volume fraction because 
of their strong dependance on Kext.  Since the absorption near the burner center was 
relatively small and was influenced by the possible existence of end-flames and large 
polycylic aromatic hydrocarbons in the fuel rich part of the flame, number densities are 
only plotted up to 1 1/2 mm from the burner center. For similar reasons the soot volume 
fractions and diameters near the burner center plotted in Figures la and 2a may be 
somewhat high. Careful inspection of Figure 3a indicates that there is a detectable 
tkcrea...;e in the number density of soot particles with height above the burner suggesting 
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an agglomeration in excess of the possible creation of new particles. 
In order to determine the degree of agglomeration of the spherical soot particles 
(or spherules) into agglomerates, soot samples were extracted at heights above the burner 
at which the aggregate properties had been determined. Unfortunately, the spatial 
resolution for sampling is not as good as that for the optical measurements, and only an 
average sample per height could be obtained. These samples were viewed under a 
transmission electron microscope and the diameter distribution of the soot spheroids were 
recorded. The mean spherule diameters are plotted versus height above the burner in 
Figure 5. Clearly, the diameter of these elementary soot particles increases with height 
in the flame due to surface growth. This growth is particularly pronounced in the early 
part of the flame. Since the agglomerates, unlike the spherules, are not spherical, their 
measured diameters correspond to "equivalent diameters". Their degree of agglomeration 
was estimated by comparing the mean volume of the spherules with that calculated using 
the equivalent diameter of the agglomerates as determined by the light scattering 
method. These degrees of agglomeration were determined using the largest mean 
agglomerate diameters observed at the different heights. Table I indicates that the 
degree of agglomeration increases with distance in the flame. 
Table I. Mean Degree of Agglomeration for Flames "a", "b" and 
Ht. ab. Burner/Adiab. Fl. Temp( °K): 
(mm) 
2279 2417 2540 
10 7.3 
15 12.9 
20 5.6 14.7 
25 22.3 





The optical results described above are in good agreement with measurements 
carried out in flames using different fuel by Kent et al. (1980) and by Haynes and Wagner 
(1980), as well those by Santoro et al. (1983) using a cylindrical burner. Sampling to obtain 
spherule dimensions and degrees of agglomeration were not carried out by these workers. 
Similarly to Haynes and Wagner (1980), we conclude that soot particles are created in the 
high temperature region near the flame front where the particle number density is high, 
but their diameters small. These particles then move upward by convection and the effect 
of buoyancy of the combustion products, as well as away from the flame front towards the 
burner center by convection and thermophoresis. As the particles move away from their 
position of inception into a region of lower temperature they grow by agglomeration as 
witnessed by the increase in degree of agglomeration with height above the burner. 
Agglomeration by itself, however, does not lead to an increase in soot volume fraction. 
This increase of soot loading must, therefore, be ascribed to surface growth as indicated 
by the increase in spherule diameter in the downstream direction. Some particles may 
also be formed as one moves towards the region of high soot concentration, but this 
generation rate must be small since the particle number decreases and the mean diameter 
increases in this direction indicating that aggregation predominates. This aggregation 
process is most pronounced in the vicinity of particle inception, i.e., the number of 
particles decreases most sharply near the flame front. This may be due to the higher 
number densities leading to more frequent collisions in these regions but also indicates a 
greater tendency of the small, reactive "young" soot particles to stick together because of 
the presence of free radicals adsorbed on their surface. The smaller particles observed 
near z'i)e center of the flame may have been formed in the early part of the flame and 
have spent less time in the region of growth as suggested by Haynes and Wagner (1980). 
Effect of Flame Temperature 
In order to visualize the effect of flame temperature on the soot volume fraction, 
soot agglomerate diameters and their number densities the distributions of these 
Tantities for the three flames are plotted in Figures 1, 2, and 3 respectively. Turning 
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first to the soot volume fractions presented in Figure 1 it can be seen that the soot 
present in the flames clearly increases with height above the burner for all flame 
temperatures investigated. The soot formation rate, thus, far exceeds its removal rate 
by, for example, burn out even for the higher temperatures. Comparison between FiE.ires 
la, b & c shows that the increase in temperature leads to soot being formed ear Her in the 
flame. Furthermore, the amount of soot present at any given height above the burner 
increases with increase in flame temperature. Thus, the increase in the reaction rate with 
temperature ) which accelerates the production of soot precursors in the lower region of 
the flame prior to soot formation and leads to the reduced height at which soot first 
appears, persists in the sooting region of the flame. There the increase in temperature 
results in an increase in the pyrolysis rate which appears to be more temperature 
dependent than soot burn out in this part of the flame as postulated by Glassman et al. 
(1981). This leads to the increase in sooting tendency with temperature which they 
observed for diffusion flames. 
In Figure 2 the mean soot aggregate diameters are plotted against distance from 
the burner center for different constant heights above the burner surface for the three 
flames. Clearly the mean soot aggregate diameters increase with increasing height in the 
flame for all temperatures investigated. Furthermore, the increase in temperature has 
the effect of increasing the soot agglomerate sizes found at given heights above the 
burner. This may be due to either an increase in the diameters of the fundamental 
spheroids which make up the agglomerates or to more extensive agglomeration. Samples 
extracted from the flames at different temperatures indicate that there, indeed, is some 
increase in spheroid diameters with adiabatic flame temperature, particularly in the early 
part of the flame (Fig. 5) and between flames "b" and "c". The mean degree of 
agglomeration seems to increase from flame "a" to flame "b" and decrease .,omewhat from 
flame "b" to flame "c" within the experimental accuracy. 
The effect of temperature on the number density of soot aggregates is shown in 
Fig. 3. Bearing in mind the reduced accuracy in the number density determination, the 
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changes in this parameter are far less pronounced than those 	discussed 	so 	far. 
Nevertheless, it is apparent that the number density decreases somewhat with increasing 
heights in the flame for all temperatures investigated. This is indicative of agglomeration 
taking place. Furthermore, there appears to be little change in number density with 
increasing temperature. 
The temperatures in the flame fronts for the flames with higher oxygen to nitrogen 
ratios (i.e. "b" and "c") were found to be above the melting point of platinum, causing the 
thermocouples to break. In order to obtain an indication of the relative temperature 
changes between the three flames, a shielded Pt-Pt 13% Rh thermocouple was used at 
selected positions in all three flames. This probe resulted in lower readings because of the 
heat loss due to the shield and no melting occurred. It was noted that the ratios between 
measured "shielded" temperatures in the flame front and calculated adiabatic flame 
temperatures were the same for all three flames within 1%. Flame temperatures for 
flames "b" and "c" were, therefore, extrapolated by multiplying the ratio between the 
unshielded measured temperature of flame "a" and its calculated adiabatic flame 
temperature by the calculated adiabatic flame temperatures for flames "b" and "c". 
Values for the flame front temperatures of 1973 °K for flame "a", 2063 °K for flame "b" 
and 2195°K for flame "c" were, thus, obtained. The shapes of the isotherm lines for the 
three flames are assumed to be similar. 
In order to quantify the effect of the flame temperature on the global reaction rate 
of the soot formation reaction, the total soot volume fraction at different heights above 
the burner (i.e., area under soot volume fraction plots) and the corresponding maximum 
aggregate diameters were plotted versus residence time. The residence time is defined as 
the time required for a pocket of gas to travel from the burner to a given height. Since no 
velocity measurements were carried out in this flame, the residence time in the flame had 
to be related to the height above the burner using theoretical considerations. Kent and 
Wagner (1980), who carried out velocity measurements in a similar diffusion flame, have 
established that buoyancy forces cause considerable acceleration of the vertical velocities 
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in this type of flame. The relationship between the time required to reach a given 
vertical position and its height above the burner is, therefore, not linear. 
A simple, one dimensional model of two parallel streams of gases of differing 
densities based on the work by Powell and Browne (1956) was, therefore, developed, which 
takes into account both the difference in density of fuel and oxidizer and the difference in 
temperature of the combustion products and the surrounding oxidizer flow. The details of 
this model are presented in the Appendix. Using the fuel and flame temperatures reported 
by Kent and Wagner (1980), their measured fuel velocities could be predicted with good 
accuracy, particularly by fitting the density ratio mentioned in the Appendix using the 
velocity measured at one point 90 mm above the burner. This model was applied to the 
flames presented here and their vertical velocities were predicted from the temperature 
distribution measured. These vertical velocity distributions were used to convert the 
"height above the burner" into a time axis. 
Figure 6a shows the variation of total soot volume fraction at given heights with 
residence time in the flame for all three flame temperatures. The increase in soot mass 
loading with temperature is clearly seen, while there is a pronounced increase in soot 
formation rate (slope) in going from flame "a" to flames "b" and "c". If the increase in 
reaction rate in the pre-sooting zone leading to earlier soot formation in the flames of 
higher temperature is similar to the reaction rate increase leading to heavier soot loading, 
the residence times for every height above the burner in each flame may be normalized by 
dividing it by its residence time to first sooting. When total soot volume fractions are 
plotted against these normalized residence times, the points do, indeed, fall close to a 
single line as shown in Figure 6b. 
A plot of maximum agglomerate diameters versus residence time (Figure 6c) shows 
that the fate of agglomerate growth (slope) is almost independent of temperature. The 
increase of absolute aggregate diameters with temperatures is due partially to increased 
spherule diameters and partially, to increased agglomeration. When plotting these 
maximum diameters against normalized residence time the points move closer to a 
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common line but the correlation is not as good as that for the case of total volume 
fraction. 
IV. 	CONCLUSIONS  
The in situ soot parameters including soot loading, soot aggregate diameters and 
number densities, as well as spherule diameters, have been determined for propane 
diffusion flames at three different flame temperatures. The general features of soot 
distribution are similar for all three cases. In the region of high temperature nearest the 
flame front on the fuel side where nucleation is postulated to occur, the aggregate number 
density is highest while their diameter and soot volume fractions are low. Towards the 
center of the flame the mean aggregate diameters increase due to agglomeration which, 
in turn, reduces the number densities. At the same time, the soot content increases due to 
surface growth and, possibly, some new soot inception. For all flame temperatures 
considered the soot loadings and aggregate diameters increase with height indicating that 
the rate of soot formation exceeds that of soot depletion. 
As the temperature is increased soot is beginning to be formed earlier in the flame 
due to an increase in the rate of pyrolysis reactions in the pre-sooting region. This 
increased pyrolysis also leads to an increase in soot loading at given heights above the 
burner with increasing adiabatic flame temperature. This more extensive sooting at higher 
temperature was found to be due to larger soot agglomerates which, in turn, are formed 
partially by an increase in the size of the spherules and partially by an increase in the 
degree of agglomeration. The agglomerate number densities are largely insensitive to 
the change in the flame temperature. Even though buoyancy causes considerable 
acceleration of the flame gases in the vertical direction, the difference in temperatures 
between the three flames is sufficiently small to affect the gas residence times in the 
flames by only a small amount (< 7%). All observations detailed above are, thus, still valid 
even when considering soot loading and particle diameters as a function of residence time 
in the flame rather than heights above the burner. When plotting the total soot volume 
fractions at different heights above the burner against normalized residence time, the 
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values for the flames at all three temperatures were found to lie along one single straight 
line. The rates of growth of the maximum soot agglomerate diameters, as determined 
from the slopes of the curves of these diameters plotted against non-normalized residence 
tine, appear independent of temperature. In conclusion, it is felt that the findings 
reported here help to shed new light on the global observation by Glassman (1979) and 
others, which have reported an increase of sooting tendency with temperature for 
diffusion flames. 
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V, 	APPENDIX: 	CORRECTION FOR BUOYANCY 
The model used to correct the velocity field in the flame for the effect of 
buoyancy is based on an analysis by Powell and Browne (1956) which deals with the 
investigation of the effect of the differing densities of cold fuel and oxidizer streams upon 
the fluid dynamic characteristics of diffusion flames. This model was expanded to take 
into account the effect of the differing temperatures of the combustion gases and the 
oxidizer stream upon their densities. The fuel at temperature T f and oxidizer at 
temperature T o are assumed to leave the burner in parallel streams with velocity u i at 
height y = 0. The cross-sectional area of the oxidizer and fuel streams at y = 0 are A o and 
A f. respectively. The streams are bounded on the outside by parallel walls, but the 
position of the interface between the two streams (which corresponds to the reaction 
zone) is free to vary with height such that the cross-sectional areas of the two streams 
also vary with height with A f + Ao = A = constant. Frictional effects at the walls and the 
interface are neglected, and a, each height the pressures in the two streams are equal. It 
is also assumed that T o and T f do not vary with height. 
Applying Bernoulli's equation to each stream separately between stations o and y 
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and using pf = Po yields: 
(u o/u. )
2 	




Conservation of mass for the two streams gives: 
(u f/ui ) 
uo /u i - 	  (1+T) (u
f  /u. ) - r 
where the area ratio r = A f /Ao . The density ratio 0 f/ p o is given by 1 	1 
Pf/ Po = (mf /mo )(To /Tf ) 
where m
f and mo are the molecular weights of the fuel and oxidizer and the temperatures 
are absolute. 
Equations (A 1) and (A2) must be solved simultaneously in order to obtain the fuel 
and oxidizer velocities, o f and u0 , as functions of height above the burner, y. The 
parameters that must be specified are the fuel/oxidizer area ratio r, the initial velocity 
u, and the fuel and oxidizer temperatures I f and To. These latter values must be obtained 
from temperature measurements in the flame, and are needed to obtain the density ratio 
0 f /0  o. In solving these equations, it is convenient to use the dimensionless variables U f 
tu 	 //u., Uo  = u o  /u 1  . and Y = y/(u.
2 2g). A computer code was developed to solve equations i  
(Al) and (A2) numerically by an iterative technique. 
In order to evaluate the model, velocities were calculated for the ethylene/air 
flames investigated by Kent, et al (1981). For their burner r = 0.05 and u i = 7 cm/sec. The 
temperatures T o and T f were estimated from the measured temperature profiles they 
presented for various heights. Thus T f was taken to be 1300 °K. The oxidizer temperature 
was more difficult to estimate so two cases were considered: (1) T o = 300°
K (room 
temperature) and (2) T o  = 800°K (mean between room temperature and T f). The model 
predicts excessive vertical fuel velocities for T o = 300°K ( p f /p o 
= 0.221) and de.icient 
fuel velocities for T o = 800°K ( o f/p 0  = 0.615). A curve fit was also obtained by matching 
the experimental data at 90 mm by choosing 0 fip 0 = 0.368. This gives excellent 
agreement with the experimental data down to 30 mm. The small deviations of the 
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experimental data from the theoretical curve for heights below 30 mm are most likely 
caused by vertical temperature gradients in the flame. This model was used to calculate 
the vertical velocity distribution in the flame which, in turn, was used to convert "heights 
above the burner" to time elapsed from the instant a pocket of gas leaves the burner 
mouth. These calculations showed that while the gas velocity in the flame is strongly 
affected by buoyancy (6 cm/sec at the burner mouth to 85 cm/sec at 5 cm above the 
burner for flame "a") the difference in residence time to reach a given height for the 3 
flames is small (e.g., 83.6 msec in flame "a", 78.5 msec in flame "b" and 74.8 msec in 
flame "c" to reach a height of 30 mm above the burner).The increase of soot content and 
soot aggregate diameter with increasing temperature is, thus, valid even when considering 
the data as a function of "time elapsed" rather than "height above burner". 
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FIGURE CAPTIONS  
FIGURE 1. 	Soot volume fractions versus distance from burner center at different 
heights above the burner for three adiabatic flame temperatures. 
FIGURE 2. Soot agglomerate diameters versus distance from burner center at different 
heights above the burner for three adiabatic flame temperatures. 
FIGURE 3. Soot agglomerate number densities versus distance from burner center at 
different heights above the burner for three adiabatic flame temperatures. 
FIGURE 4. Temperatures versus distance from burner center at different heights above 
the burner for the flame with T ad 2279
o K. 
FIGURE 5. Mean spherule diameters versus height above burner for three adiabatic 
flame temperatures. 
FIGURE 6. Total soot volume fractions at different heights above burner versus 
residence time (a), and normalized residence time (b); maximum soot 
agglomerate diameters at different heights above burner versus residence 
time (c), and normalized residence time (d). 
optical and probe techniques must be used to complement each other. Once 
the diameters of the soot spherules and their aggregates are known the 
degree of aggregation can be estimated. 
Progress during Current Budget Period  
Experimetal Techniques  
A Parker Wolfhard type burner (Ref. 1) was selected for this study 
since it provides two parallel vertical flat diffusion flame sheets which lend 
themselves to more accurate absorbtion measurements without the need for 
deconvolution techniques to obtain local extinction coefficients as is 
necessary for cylindrically symmetric flames. The burner (Fig. 1) consists of 
three parallel slots of 2" length. The outer slots, which carry the oxidizer 
have a width of .63" each, while the inner, fuel slot is .2" wide. For equal 
fuel and oxidizer burner exit velocities this results in an extremely stable, 
slightly under-ventilated flame (Ref. 2). The burner is surrounded by a 
nitrogen carrying jacket to prevent drafts in the laboratory from disturbing 
the flame. Further flame stability is assured by the use of stabilizing screens 
near the tip of the flame. The burner can be displaced in a vertical and 
horizontal direction to enable measurements to be carried out in different 
parts of the flame without disturbing the optical system. After preliminary 
testing it was decided to add water cooling to the burner to ensure a 
consistent flame over extended running periods without overheating the 
facility. 
(:, 
Pages 1 and 2 Missing from report 
A special suction probe was designed and built which permits the 
local sampling of soot from the flame. Flame gases are quenched to prevent 
further reaction in the probe while keeping the disturbance of the flame to a 
minimum. Details of the probe set up were discussed in Ref. 3 and in the 
original proposal. Briefly, it consists of three concentric tubes, the outer 
two carrying cooling water while the sampled gas is aspired through the 
central duct. Small holes in this duct near the probe tip permit small 
amounts of water to enter the flame gas steam in order to ensure rapid 
quenching and to eliminate soot deposit on the inner tube walls which could 
result in blockage of the probe (Fig. 2). The central duct of the probe is 
connected to a filter system which collects the soot and then, via a liquid 
nitrogen trap which removes the water, to a vacuum pump (Fig. 3). The 
suction rate is controlled using a precision needle valve and monitored with 
a dry gas meter. The cooling water flow rate is measured with a rotameter. 
Soot collected on the filters is weighed and observed under a transmission 
electron microscope. 
A simultaneous laser light scattering and absorbtion test rig similar 
to the one described in Ref. 4 has been set up (Fig. 4). The beam from a 4 
watt argon ion laser is focused into the test section in the flame and passes 
along the flat flame sheet onto a photomultiplier which measures the 
intensity of the transmitted light. A second photomultiplier is used to 
monitor the intensity of the beam scattered at a chosen angle to the 
incident beam. A system of lenses and apertures limits the solid angle over 
which scattered light is collected and eliminates radiation from any part of 
the laser other than the 60 micron cubed test section under consideration. 
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Direct radiation from the flame to the photomultipliers is reduced using a 
monocromator and a narrow band width interference filter. The remaining 
stray light is eliminated by placing a chopper in the incident beam and 
passing the output from the photomultipliers through a phase sensitive 
detector which only amplifies the part of the signal in constant phase with 
the chopper, i.e. radiation originating from the laser beam. The absorbtion 
and scattering signals are observed on an oscilloscope and registered on a 
chart recorder. The Mie theory in the Rayleigh approximation is used to 
obtain the local soot volume fractions and the mean diameters and number 
density concentrations of the soot agglomerates. The theory of the 
scattering of electromagnetic radiation is developed in Refs. 5 & 6. Only the 
actual formulae used in the analysis of the optical data will be quoted here. 
The soot volume fractions are being calculated using equation: 







where x = 514.5 nm (wavelength of the laser light), I ir = transmitted 
intensity, Ioincident laser intensity and m = 1.57 - .56i (complex refractive 
index of soot Ref. 7). The local extinction coefficient (Kext)  and the 
Raleigh scattering coefficient (Q) are being calculated from the measured 
values of the transmitted and scattered light intensities respectively using 








where L = length of the optical path of the laser beam in the flame as 
determined using a traveling microscope, and 
i sc = 	'opt Q(LY)(L-L) I 	 (3) 
where 'Sc = laser intensity scattered from volume L,V over solid angle 
and del & ilopt = the efficiencies of the electronics and the optics 
respectively. In order to avoid having to determine the efficiencies and the 
scattering volume and solid angle, the system is calibrated using gases of 
known scattering cross-section, usually nitrogen and methane. These 
calibrations are repeated daily, and also serve as a means of checking the 
optical alignment of the facility. All soot particles observed so far have 
been observed to fall within the Rayleigh regime. A small error is, however, 
introduced by the non-sphericity of the soot particles. 
Accurate temperature measurements in sooting flames are 
notoriously difficult. To date all temperature measurements have been 
carried out using thin Pt, Pt-13% Rh thermocouples. A special system of 
translation stages has been assembled which permits the thermocouple to be 
traversed throughout the flame. Since soot deposited on the wires in the 
sooty part of the flame does affect the heat transfer to the junction and, 
thus, the recorded temperature, all horizontal flame traverses are originated 
in the soot free, high temperature region on the oxidizer side of the flame. 
As the probe enters the sooting region of the flame and carbon is deposited 
on the wires the thermocouple is moved back into the non-sooty part of the 
flame to burn off the deposit before advancing it to the next measuring 
position. A system for measuring flame temperatures using the sodium 
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line reversal technique will be set up. Here radiation from a tungsten strip 
lamp is passed through the flame seeded with sodium chloride and analyzed 
using a spectrograph (Ref. 9). The intensity of the calibrated lamp is varied 
until the intensity of the lamp at the sodium line frequency is exactly 
matched by that emitted by the sodium in the flame. From the calibration of 
the tungsten lamp the temperature of the flame can be determined. Again 
some error is introduced in the regions of high soot concentrations due to 
absorbtion of radiation by the carbon particles. The temperature 
measurements obtained by thermocouple and sodium line reversal will be 
compared with those determined using the Kurlbaum method. In this 
technique the natural radiation emitted by the soot particles is measured 
using an optical pyrometer. Clearly this is only possible in regions of the 
flame in which soot is present. The combination of the three techniques may 
be expected to result in the required temperature field to an accuracy 
exceeding the requirements for our comparison purposes. 
Results  
As a first step soot volume concentrations, mean aggregate diameters 
and aggregate number densities were measured for a propane-air diffusion 
flame using simultaneous laser light absorbtion and scattering. Fig. 5 shows 
the results obtained for this flame where the fuel and air streams leave the 
burner with a velocity of 6 cm/sec. The parameters mentioned above are 
plotted as a function of distance from the burner center for various height 
above the burner. 
An inspection of Fig. 5a shows that the maximum concentration of 
soot occurs in a region inside the flame front. (For a precise location of the 
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flame front see the temperature plots later) The soot volume fraction 
increases with height above the burner indicating that the soot formation 
rate in this part of the flame exceeds the soot depletion rate by particle 
burn out. A slight shift of the maximum of soot volume fraction towards the 
burner center with height above the flame may also be observed. 
Fig. 5b indicates, that the regions of maximum soot volume 
concentration also correspond to those in which soot aggregates of largest 
diameters are found. Just as the soot content, the aggregate diameters 
increase with height above the burner. 
The aggregate number density distribution, on the other hand, shows a 
different trend. The maximum number of particles exist closest to the flame 
front with their number density decreasing in the region of maximum 
diameter and soot concentration. The values of number densities are less 
reliable than those obtained for the mean diameters and soot volume 
fractions since the latter are proportional to the cube root extinction 
coefficient and that coefficient respectively, while the number density is 
proportional to the square of that coefficient. This error becomes significant 
near the center of the burner where small "end flames" may contribute to 
the absorbtion signal and where the amount of light absorbed is relatively 
small. The number densities recorded within about 1 1/2 mm from the burner 
center must, therefore, be considered to be of limited use. Careful 
inspection of Fig. 5c indicates that there is a noticeable decrease in the 
number density of soot particles with height above the burner suggesting an 
agglomeration of soot in excess of the creation of new particles which may 
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he formed in this part of the flame. The agglomeration process is most 
pronounced in the lower part of the flame where "young soot" is smallest and 
most reactive. All data reported so far compare well with those obtained in 
other investigatiors in similar flames (Ref. 11 & 12), the latter using a 
different fuel. 
In order to determine the degree of agglomeration of the spherical 
soot particles into agglomerates mentioned in the introduction soot samples 
were extracted at heights above the burner at which the aggregate 
properties had been determined. Unfortunately the spacial resolution of the 
sampling is not as good as that for the optical and only an average sampling 
per height could be obtained. These samples were viewed under a 
transmission electron microscope and the diameter distributions of the soot 
spheroids were recorded. These mean diameters are plotted versus height 
above burner in Fig. 6. Clearly the diameter of these elementary soot 
particles increases with height in the flame due to surface growth. This 
growth is particularly pronounced in the early part of the flame. Since the 
agglomerates, unlike the spheriods, are not spherical their measured 
diameters correspond to "equivalent diameters". Their degree of 
agglomeration was, therefore, estimated by comparing the mean volume of 
the spheroids with that obtained from using the equivalent diameter of the 
agglomerates determined from the light scattering technique to calculate 
the volume of the aggregates. The degree of agglomeration is tabulated 









Thus, the number of spheroids making up the agglomerates increases with 
distance in the flame. 
In previous studies (Ref. 13) it has been shown that soot particles 
formed purely by surface growth on a single nucleus follow a Gaussian 
distribution with standard derivation close to .2 while particles resulting 
from aggregation exhibit a log-normal distribution of standard deviation 
near .5. The standard deriations for spheroids in all parts of this flame at 
which soot was extracted were close to .5. Although this may, in part, be 
due to the coarse spacial solution compared with the thickness of the flame 
front an agglomeration of nuclei somewhere in the process leading to the 
spheroids seems, therefore, likely. This is indicative of the presence of a 
coagulation process very early in the flame. During coagulation small 
particles tend to agglomerate, the effect of which is masked by extensive 
surface growth. 
In summary, it appears that small soot particles are formed near the 
hot region on the fuel side of the flame front. These grow by surface growth 
with some indication of the existence of coalescence of the small nuclei. 
The soot particle now have a velocity component in the vertical direction 
due to the gas flow and the effect of bouyancy of the combustion products 
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as well as a component towards the center of the flame due to the motion of 
the burnt gas away from the flame front (Ref. 12 & 14). This horizontal 
motion of the soot is aided by thermophorisis (Ref. 11) which is caused by 
the existance of a steep temperature gradient causing a greater number of 
molecular collisions with the particle surface on the side facing the region 
of higher temperature than that facing the cooler gas. As the particles move 
away from their position of inception, they grow by agglomeration into 
aggregates, which partially account for the increase in soot diameters away 
from the flame front and in the downstream direction. Agglomeration by 
itself, however, does not lead to an increase in soot volume fraction. In 
order to explain the increase in soot volume fraction with increasing 
aggregate diameter considerable surface growth must accompany 
aggregation process as the particles move away from the flame front and in 
an upward direction. Some new particles may be formed as one moves 
towards the region of high soot volume fraction but this generation rate 
must be small since the particle number density decreases in this direction 
indicating that aggregation process predominates. This aggregation process 
is most pronounced in the vicinity of new particle inception i.e., the number 
of particles decreases most sharply near the flame front and, to some 
extent, in the early part of the flame. This may be due to the higher number 
densities leading to more frequent collisions in the regions but also indicates 
a greater tendency of the small, reactive "young" soot particles to stick 
together because of the presence of free radicals adsorbed on the surface. 
The smaller particles observed near the center of the flame may have been 
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formed in the early part of the flame and be no longer reactive enough to 
agglomerate (Ref. 15) or may have arrived there since their diffusion 
coefficient is greater than that of the large particles. 
As a next step the effect of temperature on the individual steps in 
soot formation process was investigated. A survey of the recent soot 
literature showed that a group under the direction of Prof. Glassman at 
Princeton investigated the effect of temperature on the sooting tendency of 
both premixed and diffusion flames (Ref. 16). In their studies, which relied 
on the concept of "sooting heights" without any measurements being carried 
out inside the flames itself, it was established that for premixed flames the 
sooting tendency decreased with increasing temperature, while in the case 
of diffusion flames the amount of soot produced increases with flame 
temperature. Prior to this investigation the principal investigator was 
engaged in the study of soot formation in premixed flames (Ref. 17). There 
it was found that an increase in flame temperature resulted in a decrease in 
soot volume fraction, soot aggregate diameters and spheroid diameters while 
the number density of soot particles was essentially unaffected by 
temperature. This trend fits in well with the findings of the group 
at Princeton. 
On the other end of the scale a study of the effect of temperature on 
the oxygen free pyrolysis of methane and benzene (Ref. 18) showed that an 
increase in temperature in such a system increases the amount of soot 
formed but slightly decreases the diameters of the spheroids. No optical 
measurements were carried out in this work and no data about the aggregate 
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diameters are, therefore, available. A diffusion flame may be considered to 
consist of an internal relatively oxygen free zone surrounded by a flame 
front which exhibits some of the properties of a premixed flame. One of the 
controlling differences between premixed and diffusion flames lies in the 
fact that while in both cases the fuel is modified by pyrolysis prior to 
reaching the actual flame, this pyrolysis takes place in the former in the 
presence of oxygen and in an oxygen free atmosphere in the latter. This 
fundamental difference may be expected to influence the mechanism of 
soot formation. 
In this study we have investigated the effect of temperature on the 
sooting process in a propane-air diffusion flame. In the flame front of a 
diffusion flame the combustion proceeds, essentially, under stoichiometric 
conditions. For given fuel-oxidant compositions the adiabatic flame 
temperature is, therefore, essentially constant. In order to be able to 
introduce a variation in adiabatic flame temperature for the propane-air 
diffusion flame, the inert nitrogen content of the oxidizer, which acts as a 
diluent, was varied. A decrease in nitrogen content, thus, corresponds to an 
increase in the adiabatic flame temperatue and a slight narrowing in the 
flame wedge, and vice versa. Results for flames of an oxygen to nitrogen 
ratio in the oxidizer flow of .27, .33 and .41 will be reported here. These 
flames will be referred to as T 1, T2 and T3. Adiabatic flame temperatures 
were calculated for these three cases using first a simple enthalpy balance 
assumming complete combustion. This method was then refined to include 
the effect of equilibrium concentrations within the flame as calculated using 
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Complete mappings of F v, D and N are presented here in the form of 
constant parameter lines for cases T i , T 2 and T3. Fig. 7 shows a series of 
contour maps for the soot volume fraction throughout the flame for the 
three oxygen indices. In all these maps the dotted lines correspond to 
minimum values of the quantities being plotted. The soot volume fractions, 
thus, first peak and then diminish as one moves outwards from the burner 
center towards the flame front. Fig. 8 shows a similar trend for the 
agglomerate diameters at all three temperatures. Clearly the steepest 
gradients exist near the flame front and close to the burner center with 
steepness increasing as the adiabatic flame temperature goes up. The 
number density plot (Fig. 9), on the other hand, indicate a minimum near 
the center of the plots. Once again the values near the burner center are 
not considered to be very reliable. Close inspection of all the contour maps 
indicates that with an increasing adiabatic flame temperature soot 
formation is observed at lower distances above the burner. This reflects the 
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higher reaction rate for chemical processes in the presooting region with 
increasing temperature and will be referred to again later. 
For better comparison of the physical properties of the soot 
agglomerates at different temperatures these data have been replotted as a 
function of radial distance from the burner center for different constant 
heights above the burner. Fig. 10 shows the soot volume fraction vs. radial 
distance for different heights (in mm) above the burner for the three flame 
temperatures. At all temperatures investigated the soot present in the 
flames clearly increases with height above the burner. The soot formation 
rate, thus, far exceeds the soot removal by, for example, burn out, even for 
the higher temperatures. Furthermore, the amount of soot present at any 
height above the burner increases with increase in flame temperature. Thus 
the increase in the reaction rate with temperature which increases the 
production of soot precursors in the lower region of the flame prior to soot 
formation and leads to the reduced height at which soot first appears 
persists in the sooting region of the flame. There the increase in 
temperature results in an increase in the pyrolysis reaction rate providing 
more large molecular weight hydrocarbons for soot growth. This increase in 
pyrolysis appears to be more temperature dependent than any process that 
may lead to soot removal such as soot burn-out and is responsible for the 
increase in sooting tendency with temperature observed in diffusion flames. 
This is in contrast with the case for premixed flames where the higher 
temperatures result in an increase in oxidation of pyrolysed hydrocarbon in 
the preheating zone thus removing possible matter for soot growth. This 
leads to a decrease in sooting with increasing temperature for such flames. 
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In Fig. 11 the soot aggregate diameters are plotted against distance 
from the burner center for different constant heights above the burner 
surface for T 1, T2 and TY Clearly the mean soot aggregate diameters 
increase with increasing height in the flame for all temperatures 
investigated. Furthermore, the increase in temperature has the effect of 
increasing the soot agglomerate sizes found at given heights above the 
burner. This may be due to either an increase in the diameters of the 
fundamental spheriods which make up the agglomerates or to more extensive 
agglomeration. Samples extracted from the flames at different 
temperatures indicate, indeed, that there is some increase in spheriod 
diameters with adiabatic flame temperature, particularly in the early part 
of the flame (Fig. 6). 
The effect of temperature on the number density of soot aggregates 
is shown in Fig. 12. Bearing in mind the reduced accuracy in the number 
density determination and neglecting results close to the burner center the 
changes in this parameter are far less pronounced than those discussed so 
far. Nevertheless, it is apparent that the number density decreases with 
increasing heights in the flame for all temperatures investigated. This is 
indicative of agglomeration taking place, particularly in the early part of 
the flame. Furthermore there appears to be some small decrease in number 
density with increasing temperature. Some of the increase in particle size 
with temperature may, therefore, be due to higher agglomeration 
particularly at higher temperatures. 
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Fig. 13 shows the temperature distribution for the propane-pure air 
diffusion flame (0/N = .21 i.e. T 1 ) As determined using a Pt - Pt 13% Rh 
thermocouple in a fashion described in the experimental section. Since the 
flame front of a diffusion flame is located near the region of maximum 
temperature, all soot appears to be present inside fuel side of the flame 
front. The maximum soot concentration occurs at a temperature 
considerably lower than that in the flame front. The temperature in the 
flame front is quite constant with height above the burner, which is not 
surprising since in this region virtually no soot is present which might lead to 
heat loss by radiative heat transfer. As one moves horizontally away from 
the flame front, the temperatue drops both in the direction towards the fuel 
and towards the oxidizer. Nearer the center of the flame the temperature 
increases with height. Heat losses by radiative heat transfer from the soot 
particles is, thus, more than compensated by heat addition through 
convection from the flame front to the center of the pyrolysis zone for this 
part of the flame. 
The temperatures in the flame fronts for the flames with higher 
oxygen content in the oxidizer (T 2 & T3) were found to be above the melting 
point of platinum, causing the thermocouples to break. Different 
thermocouple wires will, therefore, have to be used for these flames. As a 
check, however, a shielded thermocouple (Pt - Pt 13% Rh) was used in all 
three flame fronts. This probe resulted in a lower reading, because of the 
heat loss due to the shield, and no melting occured. It was noted that the 
ratios between measured "shielded" temperatures in the flame front and 
calculated adiabatic flame temperatues (3rd column, Table II) were the same 
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for all three flames to within 1%. Table III, therefore, contains the actual 
measured flame front temperature (without shielding) for flame T i and the 
extrapolated flame front temperatures for T 2 & T3. The latter are, indeed, 
above the melting temperature of platinum ( 1780 °C). 
Table III. 






T 1 2279°K = 2006°C 1004°C 1703°C 
T2 2417°K = 2144°C 1005°C 1790°C 
T3 2540°K = 2267°C 1133°C 1922°C 
Finally it should be noted that the calculated adiabatic flame temperatures 
assume, as the name implies, no heat losses at all. This is clearly not the 
case which accounts for the lower measured values. As a matter of fact, our 
measured temperatures are closer to the calculated values than those 
obtained by other workers (eg. Ref. 16). 
In summary, it has, thus, been observed that soot increases with both 
height above burner and with temperature. The number of soot agglomerates 
changes most significantly in the early part of the flame where it is reduced 
due to the aggregation of the "young" reactive soot particles. In this region 
the agglomerate diameters are further increased by a rapid increase in the 
size of the spherical soot particles which make up the agglomerates. The 
increase in the amount of soot produced may, thus, be due to both, new 
particle inception and surface growth, although the rate of agglomeration 
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seems to exceed that of new particle formation. Higher up in the flame the 
basic spheroid diameters grow at a reduced rate while the agglomerate 
number densities show relatively less change. Agglomeration continues in 
the upper part of the flame (see Table I) and some new particle inception 
may be expected near the flame front. This, along with surface growth, 
leads to an increase in soot present as one moves higher in the flame. The 
increased agglomeration leads to an increase in soot diameter in the region 
of high soot content but must be balanced by new soot particle formation 
near the flame front to account for the only slight reduction in the number 
of particles with increasing height. The larger agglomerates, however, seem 
to dominate as indicated by the larger measured mean diameters. The 
increased flame temperature causes an increase in spheroid diameters which 
leads to large agglomerates and soot volume fractions. The degree of 
agglomeration increases slightly with temperature (steeper gradient for 
aggregate diameter near the flame front in Fig. 8) while some new particles 
may be formed to keep the changes in number density small. Again the 
larger agglomerates predominate. The combined effect of soot spheroid 
growth and new particle inception is, thus, responsible for the increase of 
the soot content of the flame with height and temperature, since the 
agglomeration clearly has no influence on the total amount of soot present. 
(The above represents a small modification in the discussion presented in the 
last six-monthly report. It was realized that some new particle inception 
must be present in the higher regions of the flame in order to account for 
the pronounced increase in soot loadings with height and to explain the 
reduced decrease in number densities in the face of the continued mean 
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agglomeration indicated in Table I). 
In order to try to quantitize the effects of both the height above the 
burner and the flame temperature, selected soot properties were plotted 
against height above the burner for the three temperatures. Since the 
reactions leading to soot formation may be expected to be acclerated by an 
increase in temperature, we have attempted to account for this. If the 
reactions responsible for continued soot formation in the flame are affected 
by temperature in a similar fashion as the reactions leading to the initial 
soot formation, all heights above the burner at the different temperatures 
must be normalized by the distance above the burner where soot is first 
observed for that temperature. (i.e., measured height above burner divided 
by first sooting height for that temperature). The soot properties selected 
for these plots are the total soot volume fraction at different heights above 
the burner (= areas under the curves) and corresponding maximum aggregate 
diameters. These quantities were plotted against height above burner and 
normalized height above burner for all three temperatures. 
Fig. 14 shows the total soot volume faction across the flames as a 
function of height above burner (HAB) and normalized HAB for all three 
temperatures. The total soot increases for all three flames in the 
downstream direction. However, when plotted against normalized HAB the 
values for total soot at all temperatures fall much closer to a common line. 
When the lowest point for the middle temperature is neglected (it lies in a 
region where small particles are agglomerating; these may be susceptible to 
increased burn out at the high temperature) the slopes, or rates of soot 
formation with time, are almost equal for all three temperatures. When 
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maximum soot agglomerate diameters are plotted against HAB and 
normalized HAB (Fig. 15) the rate of diameter increase with HAB can be 
seen to be essentially the same for all three temperatures which is not the 
case for the normalized HAB. (The differences in the absolute values of the 
agglomerate diameters for different temperatures is at least partially due to 
the increase in spheroid sizes with temperature.) There is, thus, a difference 
in the behavior between the soot formation and agglomerate growth 
processess. Since HAB is essentially a time scale, soot generation is 
proportional to time normalized by the reaction rate in the presooting region 
while particle growth rate is just a function of time. 
In all the above, buoyancy effects due to the different flame 
temperatures and the influence of the different densities of fuel and 
oxidizer have been neglected. Velocity measurements in similar diffusion 
flames have shown that the effect of buoyancy is certainly not neglegible 
(Ref. 11). It must, however, be pointed out that we are interested here in the 
differences of buoyancy between the three flames due to the differences in 
adiabatic flame temperatures, rather than in their absolute values. Since the 
temperature differences between the flames are only of the order of 10% of 
their absolute values the importance of the buoyancy differences is yet to 
be determined. These effects are currently being investigated by introducing 
the temperature and density differences into a Burke-Schuman type model 
of a diffusion flame. This may also reduce some of the scatter in the data in 
Figs. 14 and 15 although the correlation coefficients between the measured 
data and the least squares straight lines in these plots are better than .95, in 
some cases better than .99. 
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In order to predict the effect of buoyancy on the vertical velocities in 
the three flames a simple model has been developed. The buoyancy is due, in 
the first instance, to the difference in density of fuel and oxidizer. It is 
further increased by the relatively large horizontal temperature gradients in 
the diffusion flame. The differences in these effects for the three flames of 
different temperatures investigated must be estimated and incorporated in 
Figs. 14 and 15. The results of our velocity estimations using this model have 
been compared with results obtained in Ref. 11, where gas velocities have 
been measured for an ethylene-air flame on a Parker Wolfhard burner 
similar of the one used in this investigation. These measurements show that 
buoyancy does, indeed, cause a rapid acceleration of the flow along the 
burner axis from 7 cm/sec at the burner mouth to about 180 cm/sec. at 110 
mm above the burner. 
This model is based on an analysis (Ref. 20) which deals with the 
investigation of the effect of the differing densities of cold fuel and oxidizer 
streams upon the fluid dynamic characteristics of diffusion flames. In the 
present model the effect of the differing temperatures of the fuel and 
oxidizer streams upon their densities is also taken into account. The fuel at 
temperature Tf and oxidizer at temperature T o are assumed to leave the 
burner in parallel streams with velocity u i at height y = 0 as shown in Fig. 
16. The cross-sectional area of the oxidizer and fuel streams at y = 0 are A o 
 and Af. respectively. The oxidizer and fuel streams are bounded on the
outside by parallel walls, but the position of the interface between the two 
streams (which corresponds to the reaction zone) is free to vary with height 
such that the cross-sectional areas of the two streams also vary with height 
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with Af +Ao =Atot = constant. Frictional effects at the walls and the 
interface are neglected, and at each height the pressures in the two streams 
are equal. It is also assumed that T o and Tf do not vary with height. 
Applying Bernoulli's equation to each stream separately between 
stations o and y and using pf = '30 yields: 
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where m f and mo are the molecular weights of the fuel and oxidizer and the 
temperatures are absolute. 
Equations (4) and (5) must be solved simultaneously in order to obtain 
the fuel and oxidizer velocities, o f and uo, as functions of height above the 
burner, y. The parameters that must be specified are the fuel/oxidizer area 
ratio r, the initial velocity u i , and the fuel and oxidizer temperatures T f and 
To. These latter values must be obtained from temperature measurements in 




equations, it is convenient to use the dimensionless variables U f = uf/ui , Vo = 
/u /u. and Y = 	. 2 o 	 Y/(ui 2g). A computer code was developed to solve Eqs. (4) 
and (5) numerically by an iterative technique. 
In order to evaluate the model, velocities were calculated for the 
ethylene/air flames investigated by Kent, et al. (Ref. 11.) For their burner r 
= 0.05 and ui = 7 cm/sec. The temperatures T o and Tf were estimated from 
the measured temperature profiles presented in Ref. (11) for various heights. 
Here, temperature was a maximum in the reaction zone (interface between 
fuel and oxidizer streams) and decreased considerably toward the axis and 
toward the outer wall. Also peak temperatures decreased with increasing 
height above burner (1900 °C to 1500°C), while the temperature near the 
axis was flat out to 4 mm from the axis and was nearly constant with height 
(about 1030°C). Thus Tf was taken to be 1030 °C. The oxidizer temperature 
was more difficult to estimate so two cases were considered: (1) T o = 25°C 
(room temperature) and (2) T o = 528°C (mean between room temperature 
and Tf). The predicted fuel velocities u f are presented in Fig. 17 along with 
the measured velocities at the burner axis. For heights above 30 mm the 
model predicts excessive vertical fuel velocities for T o = 25°C ( p f/p o = 
0.221) and deficient fuel velocities for T o = 528°C ( pfh o = 0.615). A curve 
fit was also obtained by matching the experimental data at 90 mm by 
choosing p f / po = 0.368. This curve is also shown in Fig. 17 and gives 
excellent agreement with the experimental data down to 30 mm. The 
deviations of the experimental data from the theoretical curve for heights 
below 30 mm and at 110 mm are most likely caused by vertical temperature 
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gradients in the flame (see our temperature profile). 
These results indicate that improvements to the model are needed in 
order to reliably predict vertical flow velocities in these diffusion flames 
without the need for curve fitting techniques. 
Using the results obtained earlier for the variation of the soot 
agglomerate properties with temperature an attempt was made to fit the 
experimental data to a quantitative soot formation model. The model 
selected was from the work of Prado and Lahaye (Refs. 18 & 24). In this 
work nucleation at flame temperatures was proposed to proceed through a 
long sequence of chemical reactions. The soot precursors may, therefore, be 
considered to consist of large molecules (2000-3000 a.m.u.) or, more likely, 
their radicals or ions. In the -high temperature region nearthe flame front 
this nucleation is accompanied by a reduction in particle number through 
coagulation. The rate of change of particle number density may thus be 
expressed in the form: 
dN 
dt = -u 
	 (7) 
Where N u= nucleation rate and Nc = the coagulation rate. As one moves 
away from the flame front the coagulation rate becomes dominant (cf: 
rapid increase in agglomerate diameters) and equation (7) may be rewritten 
as the Smoluchowski equation 
dt
dN 
 = - K D N
2 	
(8) 
The rate constant K, which is a function of temperature, was obtained from 
free molecular theory assuming uncharged particles of less than 60 nm 
diameter, the latter being in agreement with our measured results. 
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Substituting for K and integrating one obtains for a large initial value of 
nuclei number densities: 






Where T = temperature, F v = the volume fraction of soot and t = time 
elapsed. See Ref. 24 for details. 
Substituting the measured values of F v and T one obtains agreement 
for the relative change in N with T to within the experimental accuracy of 
the experiment. However, the relative changes in N for the temperature 
difference between the three flames are small. A definitive applicability of 
this free-molecule coagulation model can, therefore, not be regarded as 
established at this point. It is proposed to rework the model to express 
aggregate diameters rather than number densities as a function of 
temperature, since the former are more sensitive to temperature changes 
and were measured with higher accuracy. The literature will, also, continue 
to be searched for other nucleation and agglomeration models, which can be 
compared with the results reported previously. 
In a recently published report by Glassman it was pointed out that the 
sooting tendency of a diffusion flame can be increased by introducing traces 
of oxidizer into the fuel streams (Ref. 23). This can be explained in terms of 
the homogeneous catalytic effect of small amounts of oxidizer on pyrolysis 
reactions leading to an increase in large hydrocarbons available for soot 
formation. The above quoted report is based on overall sooting tendency 
measurements and has caused us to investigate the effect of the oxidizer 
traces on the individual steps of the soot formation process. 
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For this purpose 5% oxygen has been added to the fuel side of the 
diffusion flame with pure air as oxidizer. Optical determinations of soot 
volume fraction and the soot agglomerate properties have been carried out 
for the flames both with and without oxygen trace for fuel and air for cold 
burner exit velocities of 2 cm/sec. This reduced velocity results in a shorter 
flame which permits the measurements to be extended all the way to the 
flame tip. Incidentally, a comparison between flames of pure fuel and pure 
oxidizer at different cold gas velocities will permit the effect of reactant 
flow rates on soot formation to be determined. 
Figs. 18, 19 and 20 show the variation of soot volume fraction 
aggregate diameters and number densities respectively vs distance from the 
burner center for different heights above the burner. Each of these figures 
shows plots for the flames with and without oxygen trace for easy 
comparison. These results have only just been obtained and have not yet 
been analyzed in any detail. A cursory glance, however, shows that the 
trends observed for the propane-air diffusion flame with 6 cm/sec reactant 
velocity (i.e. T 1 ) are still found in this smaller flame. Nearer the flame tip 
(above 30 mm for this flame), however, the increase in soot loading begin to 
diminish as does the increase in soot diameter. The soot aggregate number 
densities are still highest in the vicinity of the flame front and decrease 
towards the burner center. Some decrease in number density is observed in 
this flame with increasing height above the burner especially in the lower 
region of the flame. Nearer the flame tip the soot particle number density 
remains essentially constant. 
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The addition of 5% oxygen to the fuel side of this flame seems to 
have only produced minor effects. Essentially the flame has become 
narrower by the addition of oxygen to the fuel and has somewhat decreased 
in height. This is indicated by the absence of a minimum in the soot volume 
faction at the heighest measurement level (40 mm above the burner) for the 
flame with oxygen. This suggests that at 40 mm downstream the oxygenated 
flame is closer to its tip than the flame with pure fuel. Furthermore, the 
diameters near the tip begin to diminish, this effect, again, being more 
pronounced in the flame with oxygen in the fuel. Similarly, the effect of the 
oxygen on the aggregate number density is small except that at 20 mm the 
extensive aggregation continues in the pure fuel flame while the number 
density has already reached close to its final value for the oxygenated 
flame. 
In general it would appear that the addition of oxygen causes an 
increase in soot loading, aggregate diameter and agglomeration in the early 
part of the flame but also tends to reduce the flame height. This is 
consistent with a "speeding up" of the combustion process by the presence of 
oxygen traces in the fuel. Further raw data have been obtained but, as yet, 
not evaluated. The processing of these data along with soot extraction for 
electron minoscopy and temperature measurements by thermocouples are 
planned for the remainder of the present budget period. Once all these 
results are in their final form, it will be attempted to tie in these findings 
with the results reported by Glassman in Ref. 23. 
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Tasks Remaining for the Present Budget Period. 
During the remaining three months of the current budget period the 
probing and electronminoscopy for the flames of different temperature will 
be completed. The investigation of the effect of traces of oxygen introduced 
into the fuel side of the diffusion flame will also be continued. Local soot 
volume fractions, and aggregate properties will be determined from the 
measurements obtained to date. The spherule diameters will be obtained 
from the soot sampling which is still to be carried out for the flames 
carrying oxygen traces in their fuel. 
Temperature measurements using thermocouples will be carried out 
for the flames of higher adiabatic flame temperatures (T 2 & T3) as well as 
or those containing traces of oxygen in their fuel streams. Whenever 
necessary it will be attempted to use Tungsten-Tungsten/Rhenium 
thermocouples which are capable of withstanding higher temperatures than 
platinun. Some coating of these wires may be necessary since tungsten tends 
to turn brittle in the reactive atmosphere found near the flame front. 
Since the temperature and oxygen trace measurements were carried 
out for flames of different cold gas velocity it will also be possible to 
determine the effect of the reactant flow rate on soot formation in diffusion 
flames. The findings for the effects of temperature, oxygen trace and flow 
velocity on the processes of soot formation will be continually related to 
soot formation models found in the literature. 
On a more theoretical side, the buoyancy model described earlier will 
be applied to correct the relationship between the distance downstream and 
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time ellapsed, which is presently assumed to be linear. This should have the 
effect of changing the ordinates in Figs. 14 and 15 non-linearly. Whether 
the relative change for the three flame temperatures investigated will be 
significant is yet to be established. Finally, the literature will be scanned for 
a theory capable of relating the degree of agglomeration to the flame 
temperature via the aggregate diameters rather than their number densities, 
since the diameters seem more sensitive to changes in their environment and 
more accurately measurable. This search will not be restricted to papers 
dealing with soot, but also extended to nucleation and agglomeration 
theories dealing with, for example, metal particles. 
A paper summarizing the effect of temperature on soot formation in 
diffusion flames was presented at the Fall Meeting of the Eastern Section of 
the Combustion Institute held at Atlantic City, N. J. last December. An 
extended and more up to date version of this work is presently being 
prepared and will be submitted for publication to a refereed journal during 
the present budget period. 
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